Abbreviations: HPLC, high performance liquid chromatography; MS, mass spectrum; PCR, polymerase chain reaction; PLR, pinoresinol lariciresinol reductase; SDG, secoisolariciresinol diglucoside; Ubi, ubiquitin. were found to be 2.2-times higher in one of the three positive transgenic sub-lines at TB 2 B than that in the wild-type (117.9 ± 4.5 vs. 52.9 ± 19.8 µg/g, p < 0.005). To the best of our knowledge, this is the first study that elevated lignan levels in a transgenic wheat line has been successfully achieved through genetic engineering of over-expressed PLR gene. Although future studies are needed for a stably expression and more efficient transformants, the new wheat line with significantly higher SDG contents obtained from this study may have potential application in providing additive health benefits for cancer prevention.
Introduction
Lignans are phenylpropane dimers linked by β-β bonds with a 1,4-diarylbutane structure [1, 2] .
They occur naturally in a number of plant families, including the gramineae and oleaceae which contain the monocots and eudicots, respectively [3, 4] . In monocots such as wheat, lignans are mostly located in the aleurone layer of seeds [5] , and in eudicots such as forsthysia, lignans occur in the fruits and stems [6] .
The main lignan in wheat bran is secoisolariciresinol diglucoside (SDG). When consumed, SDG is oxidized by intestinal microflora to lignan metabolites, e.g., enterodiol and enterolactone. The biological importance of lignans and lignan metabolites has been previously reviewed [7] [8] [9] . Epidemiological studies show an inverse association between dietary intake of lignans and the risk of cardiovascular disease [10, 11] . Lignans also have potential protective roles against cancer in breast [12] , prostate [13] , and colon [14, 15] . A study done in rats showed that exposure of 10% flaxseed (SDG-rich plant seeds) or the equivalent SDG levels during suckling suppressed chemical carcinogen 7, 12-dimethylbenz(α)anthracene (DMBA)-induced mammary tumorigenesis [16] . In addition, in vitro cell culture studies demonstrated that enterolactone and/or enterodiol reduce growth and metastasis of breast cancer cells [17] .
Furthermore, lignan metabolites have been shown to reduce cell growth in human colon cancer SW480 cells [18] . It is interesting that the contents of lignans in wheat bran from various cultivars are correlated with anti-tumorigenesis in spontaneous Min mice with mutant adenomatous polyposis coli (APCP Min P) [18] [19] . Lignans are abundant in flaxseed but not quite in wheat grains that usually contain about 4-50 µg/g [19] . Enhancement of the SDG biosynthesis in wheat plants, therefore, appears to be significant for cancer prevention.
Genetic engineering is one of the ways for genetic crop manipulation in order to enhance phytochemical synthesis, which has already been shown in many cases to improve agronomic and nutritional aspects of crop plants [20, 21] . The biosynthetic pathways to SDG occur via coupling of two coniferyl alcohol molecules to afford pinoresinol ( Figure 1 ). Then pinoresinol undergoes sequential reduction by pinoresinol-lariciresinol reductase (PLR) to generate lariciresinol and secoisolariciresinol [3, 22] . Since PLR catalyzes the last steps of the lignan biosynthesis, it is postulated that over-expression of PLR gene by genetic engineering may enhance lignan contents. Although PLR gene had already been isolated from various woody plants such as Forsthysia intermedia [3, [23] [24] , the only known isolated PLR enzyme in monocots has been found from flaxseeds [25] . In wheat, however, the PLR gene and corresponding protein(s) have not been reported yet.
The purpose of this study is to enhance SDG biosynthesis in transgenic wheat by genetic transformation of Forsthysia intermedia PLR gene. To the best of our knowledge, this is the first study trying to apply genetic engineering wheat for enhancement of lignan biosynthesis. BamHI, respectively, were used to confirm the correct directional insertions (data not shown).
Materials and Methods

DNA constructs
The PCR products by both primer sets (PLR F & R and Ubi-PLR F & R as denoted in Table 1 and illustrated in Figure 2 ) were further confirmed by sequencing at the Gene Sequencing plasmids were used for wheat co-transformation.
Transformation procedure
Both pAHCUbi-PLR and pAHC20 plasmids were co-bombarded into embryogenic calli of wheat plants (Triticum aestivum L. cv. 'Bobwhite', 'Madison', and 'Fielder', respectively). The method of co-transformation and selection of transgenic events have been described by Anand et al [27] . Briefly, the premature seeds were surface sterilized with 20% sodium hypochlorite and 0.02% TWEEN-20. Immature embryos were then aseptically excised on CM4 medium to initiate somatic embryo formation. Somatic embryos that were proliferated in CM4+ osmoticum (0.2 M mannitol, 0.2 M sorbitol) were co-bombarded with pAHC20 and pAHCUbi-PLR plasmids at 1:1 ratio by using the particle inflow gun.
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Selection and regeneration of transgenic wheat plants
The methods for selection and recovery of transgenic wheat plants were described by Alpeter et al [28] with minor modifications. Briefly, wheat calli were placed on CM4 medium containing 5 mg/L glufosinate 16 hrs after co-bombardment. Cultures were kept in the medium of 10 mg/L glufosinate for 10-15 wks. The growing clumps were transferred to shoot production medium (MSP) with 5 mg/L glufosinate selection until green shoots were observed [29] . The cultures were then re-transferred to elongation and rooting medium (MSE) containing 5 mg/L glufosinate but not 2,4-D for 2-3 wks. Healthy looking plantlets obtained were transferred to soil and grown in environmentally controlled green house (16 hrs light at 600 µE/mP 2 P/s).
Leaf painting assay
To examine the expression of the selectable bar resistance gene in the transgenic plants, leaf planting was done as previously described [27] . Briefly, freshly prepared solution of herbicide, 
PCR screening analysis
As shown in Table, 1, three primer sets were designed to screen bar, PLR, and Ubi-PLR combination genes, respectively, in transgenic wheat plants. Genomic DNA was extracted from leaves of transgenic wheat plants by using phenol chloroform extraction method [30, 31] .
Briefly, 100-500 ng of genomic DNA from transgenic plants were screened by each of the three primer sets in a PTC-220 thermal Cycler (Hybaid Limited, Hastings, UK 
Southern blot analysis of transformed PLR gene
About 25 µg of extracted genomic DNA as mentioned above were fully digested with BamHI and separated by electrophoresis in 0.8% agarose. Forsthysia PLR contains a unique BamHI site at 47 bp as indicated in Figure 3 . The genomic DNA fragments were then transferred to Hybond-N + nylon membrane using standard protocols (Amersham, Piscataway, NJ) and hybridized for 24
hrs with 32 P-dCTP labeled Forsthysia PLR gene. After hybridization, blotted membrane was exposed in a phosphor imager cassette and measured using the Storm 840 PhosphorImager (Molecular Dynamics Inc., Sunnyvale, CA)
PCR amplification and sequence of partial wheat PLR gene
Wheat genomic DNA was extracted as described above from a wild-type wheat cultivar 'Fielder'. A primer set (PLR F & R as denoted in Table 1 
SDG identification and quantification by HPLC-MS
Sample extracts from transgenic wheat seeds at T 2 were quantified for SDG levels by HPLC and confirmed by MS. Briefly, 10-30 transgenic or non-transgenic seeds (~0.2-0.8 g) were grounded
and defatted by using hexane and then dried in the hood overnight. Defatted whole extracts were then homogenized under cold conditions with liquid nitrogen. The mixture was centrifuged and the supernatant was extracted for lignans by mixing with diethyl ether for three times. The upper organic phase containing the lignans was combined and evaporated to dryness. The residue was then re-dissolved in 100% methanol with 5 mM flavone as an internal standard and subjected to 
Statistical analysis
All data were analyzed by the SAS statistical software, version 8.2. The real time PCR determination and HPLC quantification were analyzed by one-way ANOVA protocol using the general linear model procedure followed by Fisher's protected least square difference. A probability of ≤ 0.05 is considered significantly.
Results
Transgenic wheat plants
Two hundred seventeen putative transgenic lines were generated on selection medium containing 10 mg/L glufosinate. Out of the 217 putative transformants, 24 lines tested positive for the bar gene based on the leaf painting assay (data not shown). Three sets of the gene-specific primers (Table 1) were used for PCR screening analyses on these herbicide resistant lines. These primer pairs detected the bar (Figure 2A seemed to be a negative transgenic control because of its positive bar transgene but negative PLR and Ubi-PLR.
Detection of transgene by Southern blotting
To confirm the reliability of the PCR findings, Southern hybridizations were performed using Forsythia PLR probe as denoted in 
Sequence of a partial wheat PLR gene and comparison with Forsthysia PLR gene
Wheat genomic DNA from wild-type wheat cultivar 'Fielder' was used as a template for a PCR amplification by a pair of primers designed based upon Forsthysia PLR gene. A 539 bp PCR product was obtained. After vector clean to remove all the unreadable N's from the sequence, an actual PCR product at 520 bp from the wheat genomic template was successfully sequenced and submitted to the GenBank with accession number at EU078326.
By blast searching in the GenBank database of the NCBI webpage, the sequence of this new wheat PLR gene fragment is as much as 98% similarity to Forsthysia PLR (U81158).
Real time PCR quantification of transgene expression
Real-time PCR was used to quantify the expression of PLR gene in the three positive transgenic lines in comparison with the negative transgenic control #4995. As shown in Figure 4 , the relative expression of PLR gene in the transgenic lines #4962 and #4970 but not #4909 was significantly higher than that in the negative transgenic control 4995. About 17% increase of 12 PLR gene expression over the negative control was found in the two positive transformants at TB 0 B generation. The level of PLR gene expression in the wild-type wheat cultivar 'Fielder' was also measured once, which had a comparable level to the negative transgenic control (data not shown).
Detection and quantification of SDG by HPLC and HPLC-MS
The SDG contents in the transgenic wheat seeds at TB 2 B generationB B were further determined by HPLC for a final measure of the functional transformation success. As shown in Figure 5 , a standard SDG peak ( Figure 5A ) and the SDG peak in the seed extracts (
Figure 5B Figure 5D ) that was matched with the standard SDG ( Figure 5C ). Figure 5E TCG TAG ACG TAG TAA TCA GCG CCA  TCG AGC TCT TTC ACG GAG GCT PCR-based analyses of genomic DNA using specific primers as denoted in Table 1 for bar (A), Forthysia PLR (B), and Ubi-PLR (C), respectively. A PCR profile generated using Forthysia PLR primer for genomic DNA extracted from the non-transgenic wild-type 'Fielder' control is also indicated. 
